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Introduction
Continental weathering involves the breakdown of minerals in rocks by mechanical and chemical means, the subsequent development of soils, and the transport of weathering products to the ocean via rivers. The effect of these processes on the mobility of Fe is of great interest, because of Fe's role as a micronutrient in biological systems and its potential for regulating global climate on geological timescales via natural Fe fertilization [1] . In the modern oxidizing weathering environment, the stable forms of Fe are the insoluble and generally immobile ferric species, which exist mainly as oxides (Fe 2 O 3 ) and hydroxides [Fe(OH) 3 and Fe(OOH)] and produce the red color of many rocks and soils. Under generally oxidizing conditions, Fe is mobilized mainly by local reduction and complexation with organic ligands. These two processes have been shown to affect the isotopic composition of Fe, concentrating the light isotope preferentially in the complexed or reduced phase [2, 3] . The immobilizing process during weathering is the precipitation of ferrihydrite, which has been shown to concentrate isotopically-heavy Fe in precipitates from natural waters [4] .
Repeated cycles of dissolution and precipitation during continental weathering may generate relatively large Fe isotope fractionations, as isotopically-heavy Fe is retained in weathered residue on continents while isotopically-light Fe is preferentially transported to the ocean in the dissolved phase. The current work reports significant natural Fe isotope fractionations in representative samples of the weathering cycle ( Table 1 ). The data indicate that the isotopic composition of Fe delivered to the oceans and preserved in paleosols may be indicative of weathering conditions and biological activity.
Consequently, Fe isotopic variations in the rock record may provide clues about the changing roles of oxygen and biological activity in Earth's surface geochemical cycles over geologic time.
Analytical Methods
Samples were dissolved in a heated ( Marine carbonate sediments were weighed into acid-washed Savillax beakers and dissolved in 0.5N HCl. The resulting solutions were capped and placed on a hot plate at low heat overnight to ensure total carbonate dissolution. The samples were subsequently placed into acid-washed polyethylene centrifuge tubes and centrifuged for 30 minutes at 4500 rpm. After the supernatant was decanted off, a single 0.5N HCl rinse was added to the centrifuge tube and the solution recentrifuged and decanted. There was a significant amount of detrital non-carbonate material remaining after the second centrifugation step and it is possible that this material may have contributed adsorbed Fe to the "carbonate fraction" of the sample.
Dilute HCl extraction of Fe over a relatively long amount of time (24 hours) was used as in place of ammonium oxalate extraction to ensure complete dissolution of amorphous and short-range crystalline Fe [5, 6] . However, it is possible that goethite and hematite in the sample were partially dissolved and contributed Fe to the sample [6] . In 0.5N HCl at 25˚C, goethite and hematite dissolve 10 to 100 times slower than less crystalline oxides such as lepidocrocite and akaganeite [7] . Hence the leaching procedure is unlikely to have dissolved more than a small fraction of the goethite and hematite while completely dissolving the less crystalline and amorphous components.
Aliquots of unfiltered river water were dried under a heat lamp in a nitrogen atmosphere and partially digested in hot 6N nitric acid overnight prior to bulk digestion. Stream sediment fractions were separated from the bulk sediment using the method indicated (Table 1 ) and then leached in aqua regia prior to Fe separation. The oxidized fraction from the Eel River was composed of rounded sand-size grains with Fe-oxide matrices surrounding lithic/mineral fragments.
Iron isotopic compositions were measured by thermal ionization mass spectrometry with a 54 Fe double spike using a VG Sector 54 multi-collector mass spectrometer. The "spike-subtracted" Fe isotope ratios were determined using an iterative technique after normalizing to 54 Fe/ 56 Fe [8] . Iron in all samples was separated from matrix elements in varying normalities of HNO 3 using either a single-column procedure with Eichrom's RE Spec ion exchange resin or a double-column procedure with Biorad's AG-50W-X8 cation exchange resin. Separated Fe (~4 µg) was subsequently loaded onto rhenium filaments with SpecPure aluminum, high-purity phosphoric acid, and colloidal silica (~0.02 µm particle size) for mass spectrometric analysis. error is < 0.20‰ for a sample where the number of replicates, n, is ≥ 2.
Data from other TIMS studies are reported here relative to BCR-1, BCR-2, or BIR-1, all of which are assumed to have the same Fe isotope composition within ± 0.05‰ [9] . 
Sample locations and descriptions
Soil samples from a marine terrace near Mendocino, California were sampled and measured in this study (Fig. 1) . The mean annual precipitation in the region is ~127 cm, and the mean annual air temperature is ~12˚C [13] . The Ferncreek series (est. 300 to 400 ka [14] [22, 23] . Site 590 is situated on the subtropical divergence in the transitional zone between warm subtropical and temperate regions [22, 23] . The sediment is primarily nannofossil ooze but contains foraminifera-rich intervals and thin volcanic ash layers [22, 23] . The oldest sediments cored were earliest Miocene (~24 Ma).
Results
The results of our Fe isotope measurements in six North American rivers, a soil profile from the Ferncreek soil series (Mendocino County, California), and marine sediment core samples are shown in Table 1 Fe of +0.9 to +1.8. This result confirms that precipitates generated as part of the weathering-transport process can be enriched in heavy Fe [4] .
The d
56
Fe values for unfiltered river water vary between -2.9 and +1.1 ( Table 1 ). The river values cover almost the entire range of known d
Fe for terrestrial materials (Fig. 2 ).
For the river waters with the highest Fe concentrations and high values of Al/Ca (Table   2 ), the Fe in the sample is mainly contained in the suspended load and varies in d Fe is significantly larger than that reported for igneous rocks [9] . The two rivers with the lowest Fe concentration and with low Al/Ca have d
Fe values of +0.6 and -2.9, possibly approaching the isotopic composition of the dissolved load in these rivers. The most notable result is the negative value for the Klamath River sample, which is the sample with the lowest Al/Ca, the highest values of Na/Fe and Ca/Fe, and highest ratio of dissolved Fe to sediment load [24] . The Klamath
River sample provides evidence that the dissolved fraction of riverine Fe can be isotopically-light and strongly fractionated relative to igneous rocks [25] . In general, the river data confirm that significant Fe isotopic fractionation occurs in weathering processes, producing both high and low values of d 
Discussion
The observations that we consider to be critical for analyzing the behavior of Fe isotopes in the continental weathering cycle are: (1) [29] , producing a source of isotopically light, but oxidized, iron that is relatively mobile within the soil and subsequently is transported to streams (Table 1) . Reductive dissolution of oxide coatings in watersaturated horizons can also contribute isotopically-light Fe to the mobile phase, albeit subject to seasonal and annual fluctuations in rainfall and, therefore, water table depth.
The complexity and general nature of processes within a soil profile are illustrated by the data from the Ferncreek soil (Fig. 3) . The O and E horizons of the soil are both highly The use of Fe by plant root systems requires Fe to be organically-chelated prior to uptake [27, 30] . In the case of grasses, for example, roots actively release "phytosiderophores"
into the soil and siderophore-bound Fe is subsequently taken up by plant roots [27] . If light Fe is favored by phytosiderophores [2] , then plant tissue will be isotopically lighter than the bulk soil from which it was derived. Hence the O-horizon, composed primarily of decomposed organic matter derived from surface plant material, has a bulk d
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Fe that is 0.5‰ lower than the Fe in the B-horizons (Table 1 ; Fig. 3e ). Equilibrium models of Fe speciation in soils indicate that there is essentially no free Fe ion in soil solutions [31] . Since the Ferncreek soil is saturated to the bottom of the B tv -horizon during wet months, it is also likely that reductive dissolution of Fe-hydroxide coatings observed in waterlogged soils also affects the isotopic composition of the Fe released under saturated conditions [32] . During reductive dissolution, isotopically light Fe may be released into solution, creating a mobile reservoir which is isotopically lighter than the parent material and a bulk profile that is slightly heavier than the assumed parent material. This is exactly the pattern observed in the B tv -horizon, in which the 0.5N HCl leach is about 0.4‰ lighter and the bulk soil about 0.2‰ heavier than the assumed +1‰ parent material (Fig. 3e ).
Fe isotope fractionation in the marine environment
The data on pelagic clays suggest that processes other than those that operate in soils can redistributed within the sediment column via pore waters [3] . It has been observed that pore water Fe(II) concentrations in "enriched" horizons in some sediments reach up tõ 50 times ambient Fe(II) concentrations [34] . Significant Fe reduction could also occur during periods of anoxia in marine bottom waters.
Isotopic composition of riverine dissolved Fe
Our data on river waters are not sufficient to fully characterize the d Fe value is in the range of 0 to -3‰.
The global Fe budget
A preliminary marine Fe isotopic budget can be assembled from the available data regarding annual Fe fluxes and their Fe isotope ratios (Fig. 4) . Rivers transport 12 to 18
Tmol Fe y is in the dissolved form [35] . Since up to 90% of the riverine dissolved Fe can be removed in estuaries, the minimum net riverine Fe flux to the oceans is about 0.003 Tmol y -1 [35, 36] . Marine hydrothermal systems [35, 37] and the atmosphere [35, 38] contribute less total Fe to the global ocean than rivers, but the dissolved Fe fluxes from these two sources may be similar in magnitude to the dissolved riverine flux [39, 40] . The isotopic composition of dissolved Fe from atmospheric and hydrothermal sources is uncertain. However we hypothesize that solubilization processes in aerosols during transport might fractionate Fe isotopically, preferentially dissolving light Fe. This relatively light pool may be further fractionated while cycling through the photic zone and during transport to and deposition in marine sediments. Dissolved hydrothermal Fe is assumed to have the isotopic composition of the fluids that have been measured at deep sea vents [12] , although the uncertainty in this assumption is rather large.
The flux of diagenetic Fe from marine sediments to the ocean may also be significant [41] [42] [43] . While it is known that Fe is reduced during burial in marine sedimentary columns [34] , the escape of Fe from sediments into the overlying water column correlates with and is presumably controlled by the flux of organic carbon (C org ) to the sediments [43, 44] . and perhaps -4‰ (Fig. 4) . This inference is consistent with available measurements on marine Fe-Mn nodules [3, 9] . The d 
Conclusions
Based on our measurements, we conclude that the net effect of continental weathering processes is to mobilize small amounts of isotopically-light Fe into an "exchangeable", or Fe ratio. 2 Concentrations measured by isotope dilution thermal ionization mass spectrometry. 3 Pelagic clay samples from F. Kyte (UCLA); depths and ages from Kyte et al. (1993) [18] . 4 "Finn" hydrothermal chimney sample courtesy of D. Kelley (UW). Drever (1988) [50, 51] . 3 River waters filtered through 0.45 µm filter in the Clark's Fork of the Yellowstone River watershed, Montana [52] . 4 At this location, river has drained Absaroka volcanics, Beartooth granite, and carbonate terrains. 5 Drains primarily volcanic and carbonate terrain. 6 Data refer to dissolved (<0.45 µm) Fe (µg L 
